A major goal of current signaling research is to develop a quantitative understanding of how receptor activation is coupled to downstream signaling events and to functional cellular responses. Here, we measure how activation of the RET receptor tyrosine kinase on mouse neuroblastoma cells by the neurotrophin artemin (ART) is quantitatively coupled to key downstream effectors. We show that the efficiency of RET coupling to ERK and Akt depends strongly on ART concentration, and it is highest at the low (ϳ100 pM) ART levels required for neurite outgrowth. Quantitative discrimination between ERK and Akt pathway signaling similarly is highest at this low ART concentration. Stimulation of the cells with 100 pM ART activated RET at the rate of ϳ10 molecules/cell/min, leading at 5-10 min to a transient peak of ϳ150 phospho-ERK (pERK) molecules and ϳ50 pAkt molecules per pRET, after which time the levels of these two signaling effectors fell by 25-50% while the pRET levels continued to slowly rise. Kinetic experiments showed that signaling effectors in different pathways respond to RET activation with different lag times, such that the balance of signal flux among the different pathways evolves over time. Our results illustrate that measurements using high, super-physiological growth factor levels can be misleading about quantitative features of receptor signaling. We propose a quantitative model describing how receptor-effector coupling efficiency links signal amplification to signal sensitization between receptor and effector, thereby providing insight into design principles underlying how receptors and their associated signaling machinery decode an extracellular signal to trigger a functional cellular outcome.
Our quantitative understanding of the activation and signaling mechanisms of cytokine and growth factor (GF) 4 receptors has advanced substantially in recent years (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Yet because of the high complexity of the problem, and the often contextdependent behavior of many intracellular signaling events and processes, progress toward a quantitative understanding of how cells orchestrate their response to external stimuli remains in its infancy. Experimental difficulties abound also. For example, functional cellular responses often occur at very low concentrations of stimulating GF, involving activation of only a tiny fraction of receptor molecules, whereas substantially higher stimulation levels are typically required to achieve robust levels of receptor activation and intracellular signaling that can easily be measured (15) (16) (17) (18) (19) . Consequently, much of our knowledge about the timing and amplitude of receptor signaling responses comes from experiments using GF concentrations far above those at which biology occurs. Another experimental dilemma concerns whether to use approaches that aggregate responses from many cells or instead to measure events occurring within individual cells. Single cell methods typically involve exogenously expressing, and often overexpressing, a signaling protein fused to a fluorescent partner that provides an optical readout for its activation state and/or intracellular location (20 -23) . Such approaches, although uniquely informative in many important respects, carry the risk that the non-native structure or expression level of the exogenous protein might qualitatively or quantitatively alter its behavior. Alternative methods, such as quantitative mass spectrometry-based proteomics (24) or traditional Western blots or immunoassays (25) , can be applied to endogenously expressed proteins present at their natural expression levels, but they involve analysis of lysates generated from large populations of cells, thus obscuring potentially important cell-to-cell differences in behavior. Each of these approaches thus has its advantages and drawbacks.
The role of signaling dynamics in translating extracellular stimuli into functional cellular responses is emerging as an important field of study (26 -33) . Many studies have reported data on the timing of various signaling events after activation of cells with a given growth factor, although quantitative and systematic studies of signaling dynamics are more rare (34 -36) . In interpreting the functional role of dynamics, most work to date has focused on the role of network topology, for example through feedback activation or inhibition that can extend or truncate the duration of particular signaling events (14, 26 -29, 31, 32) . Molecular kinetic factors, involving the formation and decay kinetics of individual molecular species, have been invoked more rarely. For example, Albeck et al. (37) have argued that the very slow decay rate of the ERK substrate Fra-1 serves to integrate over time the cumulative effect of multiple short pulses of ERK activation. In the same vein, Fujita et al. (38) have proposed that, in a system involving consecutive first-order reactions, a kinetically slow step will act as a "low pass filter" to selectively dampen the transmission of rapidly changing upstream signals in favor of signals that are sustained or fluctuate more slowly. However, how the dynamics of intracellular signaling processes and the kinetics of the individual molecular steps relate to the cell's ability to sense and respond to external stimuli remains poorly understood.
Here, we address how activation of the receptor tyrosine kinase RET is quantitatively coupled to signaling events in divergent downstream pathways. The RET proto-oncogene is important in development of the kidneys and the nervous system, and in the adult it helps maintain survival and function of certain neuronal cells (39) . Mutations in RET are associated with Hirschsprung disease (39) , as well as with multiple endocrine neoplasia types IIA and IIB and medullary thyroid carcinoma (40) . RET has also emerged as an important cancer target (41) (42) (43) (44) . RET is activated by any of four homologous ligands, glial cell line-derived neurotrophic factor (GDNF), neurturin, artemin (ART), and persephin, with formation of an activated receptor complex additionally requiring one of four glycosylphosphatidylinositol-linked co-receptors known as GDNF family receptor ␣ chain (GFR␣) 1-4 (45) . Activation of RET involves initial autophosphorylation of several sites in the RET cytoplasmic domain (46, 47) and results in activation of multiple downstream signaling pathways, including Ras/Raf/MEK/ ERK, PI3K/Akt, JNK/c-Jun, and p38 MAPK (Fig. 1A) (48, 49) . We have previously proposed a mechanism for the assembly of the multicomponent activated RET receptor complex on NB41A3-mGFR␣3 mouse neuroblastoma cells, which express RET endogenously and which we stably transfected with GFR␣3 (50) . This prior work established the quantitative relationship between the concentration of stimulating ART and the number of activated RET receptor complexes that result on the cell. Here, we address how assembly of the activated RET receptor complex on these same cells is quantitatively coupled to molecular events in divergent signaling pathways downstream of RET and to the functional response of neurite outgrowth.
We focus on how RET activation is coupled to the phosphorylation of ERK1/2 and Akt (Fig. 1A) , which are key mediators of cell survival, growth, and differentiation (51, 52) . Our aim is to elucidate how the amplitude and timing of RET activation relate to the strength and character of intracellular signaling and to a functional cellular outcome. To address this question, we developed quantitative immunoassays to measure the absolute numbers of pRET, pERK, and pAkt molecules produced in cells by ART stimulation, and we used them to analyze the concentration dependence and time dependence of the receptor-effector relationships. We additionally used a multiplexed, bead-based immunoassay method to extend these measurements to include the additional effectors MEK, JNK, c-Jun, and p38 MAPK. The results show that the efficiency of receptoreffector coupling, as measured by the ratio of pERK or pAkt to pRET present on the stimulated cells, is strongly dose-dependent and is highest at low ART concentrations of Յ100 pM. Strikingly, this ART concentration coincides with that required for the functional response of neurite outgrowth in the same cells. Quantitative discrimination between pERK and pAkt pathways was also highest at this same low stimulus level. We additionally used time course experiments to explore the temporal connection between changes in the level of activated RET and corresponding changes in downstream signaling events. Each of the four signaling pathways we examined showed a different lag in responding to increasing pRET levels. The results imply that at functionally relevant levels of ART the RET receptor shows rather subtle discrimination in its engagement with divergent downstream signaling pathways and that the character of the overall signaling response evolves over time. Finally, we describe how receptor-effector coupling efficiency quantitatively relates to experimentally measured receptor and effector dose-response curves, and we discuss the implications of this relationship for the sensitivity of the functional cellular response to growth factor stimulus.
EXPERIMENTAL PROCEDURES
Materials-All salts, Nonidet P-40, phenylmethanesulfonyl fluoride (PMSF), bovine serum albumin, sulfuric acid, and Dulbecco's PBS were purchased from Sigma or Fisher. Rat artemin (53) , hamster anti-rat RET antibody AA.GE7.3 (54) , and the NB41A3-mGFR␣3 cell line (55) were generous gifts from Biogen Idec (Cambridge, MA). For ELISA, anti-phospho-p44/42 MAPK rabbit capture antibody (catalog no. 7246s), anti-p44/42 MAPK mouse detection antibody (catalog no. 7246s), antiphospho-Akt (Ser-473) rabbit capture antibody (catalog no. 7143s), anti-Akt1 mouse detection antibody (catalog no. 7143s), and HRP-conjugated anti-mouse IgG antibody (catalog no. 7076P2) were obtained from Cell Signaling Technology (Danvers, MA). Purified recombinant activated mouse ERK2 (catalog no. 14-173) was purchased from EMD Millipore (Billerica, MA). Recombinant human activated Akt1 protein (catalog no. 2999) was purchased from Invitrogen. For Western blotting, anti-pAkt (Ser-473) rabbit mAb (catalog no. 4060P), anti-p44/42 MAPK (Thr-202/Tyr-204) rabbit mAb (catalog no. 4370P), HRP-conjugated anti-␣-tubulin mouse mAb (catalog no. 12351S), and HRP-conjugated anti-rabbit IgG (catalog no. 7074P2) were purchased from Cell Signaling Technologies (Danvers, MA). For flow cytometry, biotinylated affinity-purified anti-mouse GFR␣3 polyclonal antibody (catalog no. BAF2645) was purchased from R&D Systems. Cy5-conjugated rabbit anti-GFR␣1 polyclonal antibody (catalog no. bs-0201R-Cy5) was purchased from Bioss, Inc. (Woburn, MA).
Cell Culture-NB41A3-mGFR␣3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 500 g/ml hygromycin B in a humidified chamber with 5% CO 2 at 37°C. Hygromycin B was from EMD Millipore (Billerica, MA); all other reagents were from Invitrogen.
RET Phosphorylation ELISA-The kinase receptor activation (KIRA) ELISA used to quantify RET phosphorylation levels was used as reported previously (50, 55) . Briefly, NB41A3-mGFR␣3 cells were seeded overnight in 12-well plates (Corning Glass) at a concentration of 6 ϫ 10 5 cells/ml in 1 ml of growth medium. To activate the RET receptor, ART was added to the cells in 500 l of DMEM with 2 mM L-glutamine. For the dose-response experiments, cells were incubated with ART (0, 0.005, 0.02, 0.1, 0.2, 0.4, 1, 2, 4 or 10 nM) for 10, 30, or 60 min. For the time course experiments, cells were incubated with a fixed concentration of ART (0.1, 0.4, 1, 4, or 10 nM) for 0, 2, 4, 6, 8, or 10 min (10-min time course) or for 0, 5, 10, 20, 30, 40, 50, 60, 70, 80 , or 90 min (90-min time course). After incubation with ART at 37°C, to quench the reaction, the cells were washed with icecold Dulbecco's phosphate-buffered saline (PBS) and lysed for 1 h on ice in KIRA lysis buffer (10 mM Tris, 0.5% Nonidet P-40, 0.2% sodium deoxycholate, 50 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM PMSF, pH 8.0) with gentle shaking. Meanwhile, the 96-well ELISA plate was coated with 100 l of 5 g/ml anti-rat RET antibody AA.GE7.3 in 50 mM bicarbonate buffer, pH 9.6, overnight at 4°C and then incubated for 1 h at room temperature with KIRA blocking buffer consisting of PBS with 0.05% Tween 20 (PBST), 3% bovine serum albumin, and 1% fetal bovine serum. For each stimulation condition, a 260-l aliquot of clarified cell lysate was added to each well of the assay plate, and the plate was incubated for 2 h at room temperature with gentle shaking. The plate was washed with PBST followed by incubation with 100 l of 0.5 g/ml horseradish peroxidase (HRP)-conjugated mouse anti-phosphotyrosine antibody (Invitrogen, catalog no. 03-7720) in blocking buffer for 1.5 h. After another PBST wash, the plate was incubated with the HRP substrate, 3,3Ј,5,5Ј-tetramethylbenzidine dihydrochloride (Pierce). The color reaction was quenched with 1 M H 2 SO 4 , and the absorbance from the wells was recorded at 450 nm using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). We have previously shown that the observed absorbance, after background subtraction, is proportional to the quantity of phosphorylated RET (50) .
ERK/Akt Phosphorylation ELISAs-Cellular ERK1/2 and Akt phosphorylation levels were determined by ELISAs with antibodies specific to phosphorylated ERK1/2 or phosphorylated Akt. NB41A3-mGFR␣3 cells were stimulated with specific doses of ART exactly as was done for the RET ELISA. The cells were then lysed for 20 min on ice in pERK/pAkt lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, pH 7.5) with shaking. The 96-well ELISA plates were coated with anti-phospho-p44/42 MAPK capture antibody or anti-phospho-Akt1 (Ser-473) capture antibody (100 l of a ϫ100 dilution of antibody stock solution in PBS) overnight at 4°C, followed by incubation for 1 h with pERK/pAkt blocking buffer (PBST with 1% bovine serum albumin) at room temperature. A 260-l aliquot of clarified cell lysate was added to each well, followed by incubation for 2 h at room temperature with shaking. All samples were measured in duplicate. The plate was washed with PBST and incubated for 1 h with either anti-p44/42 MAPK detection antibody or anti-Akt1 detection antibody, followed by a wash step and detection with HRP-conjugated anti-mouse IgG for 0.5 h. All further steps leading to the recording of absorbance at 450 nm were similar to the KIRA ELISA. The anti-phosphop44/42 MAPK rabbit capture antibody recognizes ERK1/2 when dually phosphorylated at Thr-202/Tyr-204 in ERK1 or Thr-185/Tyr-187 in ERK2, or when singly phosphorylated at Thr-202 in ERK1 or Thr-185 in ERK2, as described by the manufacturer. The anti-phospho-Akt rabbit capture antibody recognizes Akt1 phosphorylated at Ser-473.
Assays were calibrated by constructing standard curves using duplicate wells containing activated recombinant mouse MAPK2 (ERK2) or activated recombinant human Akt1 as standards. The capture and detection antibodies for pERK do not discriminate between pERK1 and pERK2 (56) , and those used for the pAkt ELISA detect both human and mouse pAkt1 (57). The standard proteins were reconstituted in lysate from unstimulated cells at concentrations of 0.1, 1, 4, 8, 10, 12, 15, 20, 30 , and 40 ng/ml, and the resulting signals were measured using the standard ELISA protocols described above. Lysate from 6 ϫ 10 5 cells stimulated with 4 nM ART for 10 min was included in the same experiments, and the concentration of pERK or pAkt present in these samples was read from the standard curve. Three independent calibration experiments were done for each ELISA.
Data Analysis-Each ELISA experiment included duplicate wells containing lysis buffer only instead of cell lysate, others that contained cell lysate but from which capture antibody had been omitted, and others containing lysate from unstimulated cells to serve as negative controls. All experiments additionally included wells containing lysate stimulated with 4 nM ART for either 10 or 20 min as a positive control. All lysate samples were analyzed in duplicate. The duplicate absorbance values were averaged, the "no capture antibody" negative control value was subtracted, and the result was expressed as % of (positive control Ϫ no capture control). Dose-response data were analyzed using a logistic four-parameter fit shown in Equation 1,
in which max and min represent the absorbance values (as % of ctrl) corresponding to saturating and zero ART, respectively; EC 50 represents the concentration of ART giving a signal halfway between min and max; and slope is a factor representing the steepness of the curve. For both dose-response and time course data, the results were expressed in terms of the average number of phosphoprotein molecules per cell by setting the signal seen for lysate from cells stimulated with 4 nM ART for 10 min at 140,000/cell for pERK or 95,000/cell for pAkt, as determined from the ELISA calibration experiments. For pRET, the maximum value obtained from the dose-response data measured at 10 min was assumed to represent activation of all 6500 RET molecules present, on average, per cell (50) . All curve fits were performed using ProFit 6.1.10 (Quantum Soft, Uetikon am see, Switzerland). Error bars for experimental measurements are standard deviations of the results obtained from independent replicate experiments. For the ratios pERK/pRET, pAkt/pRET, and pERK/pAkt, the errors were determined by propagating the standard deviations for the individual measurements according to Equation 2 .
Neurite Outgrowth Assays-NB41A3-mGFR␣3 cells were seeded at a density of 8 -16 ϫ 10 3 cells/ml per well in 4-well chamber glass slides (Lab-Tek, Hatfield, PA) and grown for 24 h in DMEM with 10% fetal bovine serum (FBS) at 5% CO 2 and 37°C, prior to any treatment. The medium was replaced with 1 ml of DMEM containing 1% FBS and either 1 M retinoic acid (Sigma) or specified concentrations of ART. The medium was changed each day, and on the 4th day after ART treatment, the medium was removed, and cells were immediately fixed in 4% paraformaldehyde in PBS for 15 min at room temperature. Cells were rinsed three times in PBS; the nuclei were stained in 1 g/ml Hoechst 33258 (Sigma) in PBS, and the cells were examined under a fluorescent inverted microscope (Olympus IX70, Olympus Center Valley, PA). Five fields of view were captured per treatment condition. Total nuclei were determined using ImageJ 1.47 software (National Institutes of Health, Bethesda). Cells bearing a total neurite length equal to or greater than their cell body diameter and cells with flat, large radiating neurite morphology were counted as positive. The experiment was performed three times, in parallel on the same day, using independently prepared ART solutions. The statistical validity of the assay data were determined by analysis of variance with Fisher's LSD post hoc test, using StatPlus software version 5.7.8 (Analyst Soft, Alexandria, VA).
Bio-Plex Phosphoprotein Assay-The murine neuroblastoma cell line NB41A3 (ATCC CCL147), which expresses endogenous RET, was grown in DMEM containing L-glutamine, 110 mg/liter sodium pyruvate (Invitrogen), and 10% fetal bovine serum (FBS; Invitrogen). NB41A3 cells were transfected using Attractene (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions with an expression plasmid containing the full-length sequence for mouse GFR␣1, and stable transfectants were established in 750 g/ml hygromycin (Invitrogen). Staining cells with rabbit anti-GFR␣1 polyclonal antibody and anti-mouse GFR␣3 polyclonal antibody showed expression of both GFR␣1 and GFR␣3 by flow cytometry. The resulting cell line, functionally responsive to both GDNF and ART, was named NB41A3-mGFR␣1/␣3. NB41A3-mGFR␣1/␣3 cells were plated in 24-well plates (BD Biosciences) at a density of 2 ϫ 10 5 cells per well in growth medium. The next day, the cells were stimulated with 5 nM ART in serum-free DMEM for 5, 10, 20, 40, and 60 min. Protein lysates were prepared using the cell lysis kit (Bio-Rad) with PMSF. Phosphorylated proteins were detected with the BioPlex Pro cell signaling phosphoprotein 5-plex assay kit (BioRad) using the Bio-Plex200 system with HTF (Bio-Rad) and workstation according to the manufacturer's protocol. The targeted phosphorylated proteins included Akt (Ser-473), ERK1/2 (Thr-202/Tyr-204 and Thr-185/Tyr-187), MEK1 (Ser-217/Ser-221), c-Jun (Ser-63), JNK (Thr-183/Tyr-185), and p38 MAPK (Thr-180/Tyr-182). Briefly, 50 l of cell lysate (adjusted to a concentration of 1-10 g/ml protein) was plated in the 96-well filter plate containing anti-phosphoprotein antibody-coupled beads and incubated overnight on a platform shaker at 300 rpm at room temperature. The wells were vacuum-filtered and washed; 1.25 l of detection antibodies (ϫ20) was added, and the wells were vortexed followed by incubation in the dark for 30 min with shaking. The beads were then incubated for 10 min with 0.5 l of streptavidin-PE (ϫ100). The wells were vacuum filtered-and washed; 125 l of resuspension buffer was added, and the wells were allowed to incubate for 30 s. Data acquisition and analysis were done using Bio-Plex Manager software version 6.1.
Quantitative Model for Receptor-Effector Coupling Efficiency-
The dose-response curves for the ART-dependent induction of pRET, pERK, and pAkt in Fig. 3A where pX ϭ pRET, pERK, or pAkt; X tot is the total number of RET, ERK, or Akt molecules available for activation upon stimulation of RET by ART; EC 50 is the ART concentration giving half-maximal ⌬pX; and slope is a factor representing the steepness of the curve. The ratio of the ART-dependent increase in any two phosphoproteins, ⌬pX 1 /⌬pX 2 , as a function of ART concentration, can therefore be described by the ratio of two such equations, as described in Equation 4 ,
The solid lines in Figs. 2B and 4F were plotted using Equation 4 , and the EC 50 and slope values for pRET, pERK, and pAkt were obtained from the curve fits shown in Fig. 3A , together with the estimates of total protein levels (X tot ) of RET ϭ 6500/cell, ERK ϭ 140,000/cell, and Akt ϭ 95,000/cell derived as described in the text. Additional detail about the validation of and properties of this model is provided under "Appendix."
RESULTS

Development and Calibration of Assays
Measuring pRET, pERK, and pAkt-We have previously described the KIRA assay for measuring pRET levels induced by ART stimulation of NB41A3-mGFR␣3 mouse neuroblastoma cells (50, 55) . Briefly, cells stimulated with a given concentration of ART for a given time are lysed, the solubilized RET is captured onto an assay plate using an antibody specific for the RET extracellular domain, and the amount of phosphorylated RET is quantified using a horseradish peroxidase-coupled anti-phosphotyrosine antibody (Fig. 1B) . Similar assays for measuring pERK and pAkt were developed for this study, as described under "Experimental Procedures." The pERK and pAkt assays each gave a robust signal that increased with increasing concentrations of pERKor pAkt-containing cell lysate, with a low background in control wells in which capture antibody or cell lysate was omitted ( Fig.  2A) . We calibrated these assays by creating standard curves using purified recombinant pERK or pAkt protein (Fig. 2B) , to allow us to estimate the absolute concentration of pERK or pAkt present in a given sample of cell lysate. By reference to these standard curves, we estimate that stimulation of 6 ϫ 10 5 cells with 4 nM ART for 10 min resulted in cell lysate (600 l) containing 9.9 Ϯ 2.0 ng/ml pERK and 9.4 Ϯ 1.2 ng/ml pAkt (n ϭ 3), which corresponds to formation of 142,000 Ϯ 33,000 pERK molecules and 95,000 Ϯ 12,000 pAkt molecules per cell (Fig.  2B ). These stimulation conditions result in maximal responses for both pERK and pAkt, indicating that the above numbers reflect the total number of ERK or Akt molecules per cell that are available for activation by ART stimulation. These calibrations were used to scale the ELISA data from subsequent experiments to give an estimate of absolute pERK and pAkt levels, by including in each experiment control wells containing lysate from cells treated with 4 nM ART for 10 min.
Dependence of pRET-pERK and pRET-pAkt Coupling on ART Stimulus Level-As a first step to characterize how pERK and pAkt levels relate to the amount of activated RET receptor on the cell, we used the quantitative immunoassays described above to measure pRET, pERK and pAkt levels after stimulation of NB41A3-mGFR␣3 cells for 10 min with various concentrations of ART. Fig. 3A shows that ART caused a dose-dependent increase in pRET, with a half-maximal response (EC 50 ) at [ART] ϭ 2.3 Ϯ 0.8 nM (n ϭ 3). Compared with pRET, both pERK and pAkt were more sensitive to ART stimulation, with EC 50 values of 0.28 Ϯ 0.09 and 0.71 Ϯ 0.24 nM (n ϭ 4), respectively (Fig. 3A, inset) . The pERK and pAkt dose responses also displayed somewhat steeper slopes than was seen for pRET. We have reported previously that NB41A3-mGFR␣3 cells express ϳ6500 RET molecules per cell (50) . As Fig. 3A shows, stimulation with saturating ART for 10 min resulted in the formation of much higher numbers of pERK (ϳ140,000/cell) and pAkt (ϳ95,000/cell), indicating a large amplification of the signal between initial activation of the receptor and these intermediate steps in downstream signaling.
How pERK and pAkt levels relate to the number of pRET molecules present at 10 min after stimulation can be examined further by calculating the pERK/pRET and pAkt/pRET ratios observed at each ART concentration, as shown in Fig. 3B . The ratio of pEffector/pReceptor, sometimes called the signal "amplification" or "gain," represents the efficiency with which activation of the receptor is coupled to activation of a given step in a downstream pathway. Our results show that pERK/pRET is at its lowest at maximal ART stimulation and increases sharply at lower concentrations of ART, up to a high of ϳ150 pERKs per pRET. The data for pAkt show similar behavior but with a maximum pAkt/pRET ratio of ϳ50:1. The dose-response curves for pRET, pERK, and pAkt in Fig. 3A are each well described by a standard logistic equation, and the curve fit in Fig. 3B is simply the ratio of the best fit logistic curves from Fig. 3A for pERK over pRET or pAkt over pRET, as described under "Experimental Procedures." Although this treatment is empirical, and thus does not embody any hypothesis concerning the molecular mechanism or network topology that links pRET to ERK or Akt, it nevertheless reveals important features of how receptor-effector coupling varies with the strength of receptor stimulus. Specifically, as illustrated in Fig. 3B and discussed in detail under the "Appendix," for a receptor-effector system in which EC 50 for effector activation is lower than EC 50 for activation of the receptor itself, the signal gain will necessarily vary with stimulus strength and will be highest at GF concentrations below the EC 50 observed for the effector response. Thus, our experimental observation that pERK/pRET and pAkt/pRET ratios increase sharply with decreasing ART, reaching maximal levels at [ART] ϳ0.1 nM, is not only shown by the experimental values for these ratios measured at low ART but is also a necessary consequence of the shapes of the overall dose-response curves in Fig. 3A .
To determine what level of ART stimulation is required for a functional response, we evaluated the ART-dependent differentiation of the NB41A3-mGFR␣3 cells as measured by the observation of neurite outgrowth after 4 days in culture. Fig. 3C shows that ART causes a dose-dependent increase in the percentage of neurite-bearing cells comparable with that seen after treatment with 1 M retinoic acid. The transition from minimal to maximal response occurs over 10 -100 pM ART, consistent with the very high potencies reported for ART acting on primary neurons (58 -63) . This result therefore leads to the intriguing finding that for both pERK and pAkt, maximal signal gain, i.e. the most efficient coupling of receptor to effector, is seen at an ART concentration range matching that required for a functional cellular response in the same cells. , or cell lysate (LB) was omitted gave only a low background signal. Plots show the averaged data from duplicate wells. Error bars are the difference between the duplicates. Results are representative of at least three independent experiments. Shown below are dose-response data for activation of ERK (left) and Akt (right) measured by Western blotting. Cell lysates were obtained by stimulating the cells with the stated concentration of ART for 10 min. ␣-Tubulin was used as loading control. B, calibration curves constructed using purified recombinant activated mouse ERK2 (left) in the pERK ELISA or human pAkt1 (right) in the pAkt ELISA, added to cell lysate from unstimulated cells. Plots show the averaged data from duplicate wells, shown as absorbance at 450 nm. Error bars are the difference between the duplicates. The dashed lines show the signal achieved in the same experiment for lysate from NB41A3-GFR␣3 cells after stimulation with 4 nM ART for 10 min. The averaged data from three independent experiments were used to estimate that the lysate contained 9.9 Ϯ 2.0 ng/ml pERK, corresponding to 142,000 Ϯ 33,000 pERK molecules/cell, and 9.4 Ϯ 1.2 ng/ml pAkt, corresponding to 95,000 Ϯ 12,000 pAkt molecules/cell.
Evolution of Receptor-Effector Coupling as a Function of Time after Stimulation-Cell
signaling is a dynamic process. Therefore, to understand how receptor activation is coupled to downstream signaling, it is necessary to measure how the events of interest evolve over time. To this end, we used the immunoassays described above to characterize pRET, pERK, and pAkt levels at various times from 0 to 90 min after ART stimulation. Focusing first on events that occur in the first 10 min after stimulation, Fig. 4A shows that pRET levels begin to rise immediately upon treatment of the cells with ART. The evolution of pRET shows a linear initial rate that persists for Ͼ10 min at low ART, but at high ART it begins to level off after just a few minutes. The initial rate of pRET formation is proportional to the concentration of stimulating ART over the range [ART] ϭ 0.1-10 nM (Fig. 4B) . The lack of any observable saturation in this relationship is consistent with the notion that the K D value for the initial binding of ART to NB41A3-mGFR␣3 cells is Ͼ10 nM (50) . Fig. 4C shows that pERK formation displays a pronounced lag, indicating that the molecular events subsequent to RET phosphorylation that culminate in activation of ERK take a few minutes to occur. The lag time decreases with increasing ART, from ϳ4 min at 0.1 nM ART to Ͻ2 min at 10 nM. Plotting pERK directly against the pRET level measured at each time point showed that, at the different ART doses, different numbers of pRET molecules accumulated during the lag before pERK began to rise (data not shown). Thus, the lag does not reflect the time required to surpass a fixed threshold level of pRET. Examining how pERK/pRET coupling evolves over time (Fig. 4D) shows that the signal gain increases over the first few minutes after stimulation before achieving a steady state level that persists for several minutes. The maximum gain, observed between 6 and 10 min, decreases as ART is increased from 0.4 to 10 nM, consistent with the results obtained in the dose-response experiments shown in Fig. 3B . The evolution of pAkt also showed a lag, which decreased somewhat with increasing [ART] (Fig. 4E) . The lag times for pAkt appeared shorter than those for pERK at the same ART concentrations. As was the case with pERK, the number of pRET molecules that accumulate during the lag period depends strongly on [ART]. However, unlike pERK, pAkt levels reach a maximum within 4 -6 min, and at high ART are already beginning to decrease within 10 min, even though pRET levels continue to rise for some additional time. Consequently, the pAkt/pRET ratio achieves its maximum level somewhat faster than was seen for pERK but maintains this level only briefly before beginning to decline (Fig. 4F) .
Extending the time course measurements out to 90 min after ART stimulation shows that, at moderate to high ART concentrations, pRET increases to a maximum and then slowly decreases (Fig. 5A) . The time corresponding to maximum pRET shows a strong inverse dependence on [ART] (Fig. 5B) , such that at lower ART concentrations pRET levels were steady or even still slowly rising at 90 min. The time-dependent variation in the shape of the pRET time course has the consequence that EC 50 for the stimulation of pRET by ART, observed in dose-response experiments, decreases somewhat as the response evolves over time (data not shown). The 0 -90-min time course for pERK shows an initial, transient phase of activation followed by a lower, sustained response that persists to Ͼ90 min, as has previously been well documented for multiple other receptor systems (64 -67) . Fig. 5C shows that the maximum of the transient pERK response occurs at ϳ10 min at all ART doses tested. Comparison of pERK dose-response curves measured at 10 and 60 min shows that the amplitudes of the transient and sustained responses are proportional over the entire dose range (Fig. 5D) , such that at any ART dose the pERK level observed during the sustained response is a roughly constant fraction of the peak transient response. The EC 50 for the pERK response to ART is thus independent of time over the period 10 -90 min (data not shown). Interestingly, at [ART] ϭ 4 nM, pERK shows a reproducible pattern of oscillations extending from 10 to 60 min or so (Fig. 5C ). Our assay method does not distinguish between cytoplasmic and nuclear pERK, and so these oscillations do not reflect cycling of pERK between cytoplasm and nucleus (68) but rather cyclic variations in total cellular pERK levels as have been observed previously (37, 69, 70) . These oscillations in pERK are averaged over the many cells that contribute to the cell lysate, and therefore reflect a remarkable degree of synchronization across the different cells in the population. No significant oscillations are seen in individual experiments performed at ART concentrations just a few fold higher or lower, perhaps due to a loss of synchronization in pERK oscillations between the many cells that contribute to each sample of cell lysate. For pAkt, the 0 -90-min time course also shows a transient response, peaking at 5-10 min after stimulation, followed by a sustained response that holds steady or decays gradually over Ͼ1 h (Fig. 5E) . The pAkt response differs from the pERK response in that the transient and sustained phases are not separated by a pronounced minimum, as was seen for pERK, but instead simply involve a sudden decrease in the net pAkt decay rate. Also, where the sustained phase of the pERK response showed stable or even slightly increasing pERK levels out to at least 60 min, for pAkt the sustained phase shows a marked decline at higher ART concentrations. [ART] ϭ 0.4 nM) is a lower limit, reflecting the fact that at this low ART concentration the time to maximum pRET appears to exceed the 90-min time frame of the experiment. D, levels of pERK observed after 60 min plotted against the pERK levels seen at 10 min, over a range of ART concentrations from 0.001-10 nM. Each data point represents a pair of measurements made at the same ART concentration. The solid line is a linear least squares fit passing through the origin. F, ratio of pERK/pRET (squares) or pAkt/pRET (triangles), measured as a function of time after stimulation with 0.4 nM ART.
The pERK/pRET and pAkt/pRET coupling ratios during the sustained phase of their responses are illustrated in Fig. 5F , for the condition of 0.4 nM ART. For both phosphoproteins the coupling ratios fall from the high values seen during the transient response to stabilize at 4 -5-fold lower levels during the sustained phase. Specifically, over the period 40 -90 min, 0.4 nM ART induces an average of ϳ23 pERK molecules for each pRET present on the cells and about half that number of pAkt molecules per pRET.
Relative Amplitudes of Signaling through pERK Versus pAkt-Comparison of pERK versus pAkt levels provides insight into how the relative amplitudes of signal transduction through these divergent pathways relate to the strength of ART stimulus and how it evolves over time. Fig. 6A shows that the relative levels of pERK and pAkt present at 10 min after stimulation vary with ART dose. At high concentrations of ART, the ratio pERK/pAkt is ϳ1.5, but at lower ART concentrations, ERK activation was favored over activation of Akt to a significantly greater degree. As was the case for the receptor-effector coupling ratios described above, the experimental uncertainty in the pERK/pAkt ratios at very low ART concentrations (Ͻ0.1 nM) was too large for these numbers to be directly informative. However, the measured pERK/pAkt ratios for [ART] ϭ 0.1, 0.2, 0.4, 1, and 2 nM are all significantly higher than the ratio measured at 10 nM ART (p Ͻ 0.05). Moreover, comparison of the dose-response curves from Fig. 3A shows that pERK and pAkt have different EC 50 values which, as described above and under the "Appendix," requires that the pERK/pAkt ratio must indeed vary with [ART]. The solid line in Fig. 6A shows the ratio of the best fit curve fits from Fig. 3A , derived as described under "Experimental Procedures." The level of discrimination in the amplitude of signaling via pERK versus pAkt appears highest at [ART] Յ0.2 nM, mirroring the result seen for the pERK/pRET and pAkt/pRET coupling efficiencies. The sustained phases of the pERK and pAkt responses give pERK/pAkt ratios similar to those seen for the transient response at the same ART concentration, even though the absolute amplitudes of the signals are significantly lower at these later times. Thus, our data show that the relative amplitude of signaling through the pERK and pAkt pathways is dose-dependent, with maximal discrimination seen at the low ART concentrations associated with functional activity.
Extension to Other Signaling Pathways Downstream of RETUsing Bio-Plex multiplexing assay technology (71), we broadened the analysis to include additional signaling events and pathways downstream of RET. We measured time courses for the activation of the MAPKs p38 MAPK and c-Jun kinase (JNK), as well as for c-Jun itself. The multiplexed array additionally detected pAkt and pERK, for comparison with the results described above obtained using the ELISAs, as well as pMEK, the kinase that directly phosphorylates ERK. Although it is almost certainly incorrect to consider any of these pathways to act in isolation of the others, to a first approximation the four pathways represented in these measurements can be considered to diverge at the receptor, as represented schematically in Fig. 1A . Fig. 6B shows overlaid time courses for one representative event in each of these four pathways after stimulation of the cells with 5 nM ART, measured in a multiplexed fashion using the same cell lysate sample for all phosphoproteins. Fig.  6B also shows data for pRET measured in parallel in the same cells using the KIRA ELISA. The results show that pMEK activation manifests a lag of several minutes, similar to that seen for pERK (Fig. 6C) , indicating that the events responsible for the lag in formation of pERK lie upstream of MEK. Activation of p38 MAPK shows a similar lag, whereas initiation of pAkt showed a somewhat shorter delay as was seen using the ELISA in Fig. 4C . In contrast, pJNK and pc-Jun (Fig. 6D) showed minimal response for a full 10 min after stimulation and did not reach a maximum until ϳ40 min or later. Because of the differences in dynamics shown in Fig. 6B , the coupling of the different pathways to pRET changes quite substantially over the 60 min for which these responses were monitored (Fig. 6E) . In particular, the coupling efficiencies for pMEK, pAkt, and p38 MAPK to pRET show peak values at 10 -20 min after stimulation and by 40 min have stabilized at their sustained levels, as observed using the ELISA method (Fig. 5E ). In contrast, the pJNK/pRET ratio does not reach a maximum until 40 min. Indeed, the pcJun/pRET ratio is still climbing sharply up to 60 min (data not shown), even though pRET levels are declining quite steeply after 20 min. Thus, the relative balance of signaling through these four divergent pathways evolves dynamically for at least 1 h after stimulation of the cells with ART.
DISCUSSION
The goal of this study is to obtain quantitative insight into how activation of RET is coupled to key downstream signaling events. In particular, we are interested in how the strength and duration of extracellular stimulus relate to the absolute amplitude and duration of signaling at the level of ERK and Akt and to the functional response of neurite outgrowth. Our results show that the efficiency of receptor-effector coupling is highly conditional; it varies with the strength of the extracellular stimulus, it evolves over time after stimulation, and it differs for different downstream signaling pathways. When attempting to develop a molecular level understanding of these behaviors, it is important to keep in mind that, like all signaling studies based on analysis of cell lysates or pooled cell populations, our measurements reflect changes in phosphoprotein levels averaged over many cells. Thus, what appear to be smooth, dose-or timedependent changes when viewed in aggregate can result from changes in the proportion of cells experiencing more sudden or discontinuous changes at the single cell level. In particular, it has been shown that in single cells pERK levels do not vary continuously, but instead they manifest bistable fluctuations between minimal and maximal pERK, with higher levels of stimulus causing an increase in the frequency and duration of these spikes of ERK activation (37, 69) . The same does not appear to be the case for Akt, however; it has been shown that pAkt levels in individual cells are distributed stochastically around the mean (72) . Nevertheless, because of the limitations arising from averaging over many cells, we focus here on identifying quantitative, empirical relationships between key factors and events, rather than proposing detailed mechanistic or network models.
One striking result from our study is that pERK/pRET and pAkt/pRET coupling efficiencies are strongly dose-dependent, rising dramatically as the level of GF stimulation decreases. When pERK/pAkt is at its peak at ϳ10 min after ART stimulation, 0.1 nM ART gave an average of ϳ150 pERK molecules for each pRET molecule, whereas at higher ART concentrations, the ratio decreased toward a minimum of only ϳ22 pERKs per pRET. A similar trend was seen for pAkt, although pAkt/pRET coupling was lower than for pERK at all concentrations. Thus, over the functionally relevant ART concentration range of 10 -100 pM, at which the absolute signal amplitudes are very low, receptor-effector coupling is highly efficient, i.e. there is a large amplification between receptor and effector, but it becomes much less efficient at higher stimulus levels that give more robust overall signaling. Interpreted in terms of a bi-stable pERK response, the dose dependence of receptor-effector coupling efficiency is even greater. For example, after 10 min of stimulation with 0.1 nM ART, the pERK signal is at 15% of the maximum. If the pERK response is bi-stable, this result corresponds to ϳ15% of cells being in the high pERK state and ϳ85% in the low pERK state at any given time. That subset of high pERK cells contains ϳ140,000 pERK molecules per cell (i.e. all RET-activatable ERK molecules in the cell), against an average of only ϳ180 pRET molecules per cell (from the pRET dose response in Fig. 3A ), corresponding to a coupling efficiency of ϳ800 pERKs/pRET in the high pERK cells. In contrast, at saturating ART essentially all cells have maximal pERK more or less all the time (37) while possessing an average of ϳ6500 activated RET receptors, giving a per-cell coupling efficiency of only 140,000/6500 ϭ ϳ22, representing an ϳ40-fold decrease in coupling efficiency compared with low ART. Our observation that average pERK/pRET coupling efficiency increases as ART is lowered from saturating levels to functionally relevant concentrations is therefore likely even more pronounced at the level of individual cells. It is broadly true that intracellular signaling events saturate at stimulus levels at which only a fraction of receptors are activated (15, 17-19, 35, 73) . Our observation that receptor-effector coupling ratios are dose-dependent and are maximal at low stimulus levels is therefore likely true for many such systems. The coupling of receptor activation to intracellular signaling events has previously been examined for the epidermal growth factor (EGF) receptor (17) . Similarly to our findings here, the authors observed that the degree of signal amplification for pERK and for pAkt passed through a maximum at EGF concentrations well below the K D values for receptor binding. This earlier study did not address how receptoreffector coupling efficiency relates to functional cellular responses, nor did they discuss how coupling efficiency or the balance of signaling flux between divergent pathways evolves over time.
Our analysis additionally shows that if signaling events at equivalent points in divergent pathways have different EC 50 values, then the relative amplitudes of the two signaling events will vary as a predictable function of GF concentration, with the discrimination in signaling amplitudes being greatest at low stimulus levels. For example in our system, where EC 50 (pERK) Ͻ EC 50 (pAkt), stimulation of the cells with very low ART generated up to 3.5 pERK molecules for each pAkt molecule, although at saturating ART, the ratio converged to a value of ϳ1.5 that simply reflects maximal activation of all available ERK and Akt molecules. Considered in terms of a bistable pERK response, the pERK/pAkt ratio in individual cells at low ART would at times presumably be much higher, and the variation of this ratio with ART concentration would be correspondingly greater. In general, the larger the EC 50 difference between effectors at equivalent points in divergent pathways, the greater will be the discrimination in signal amplitude between those pathways at low stimulus levels. Equations for estimating absolute coupling efficiencies and relative signal amplitudes from experimental dose-response data are given under the "Appendix."
A particularly interesting finding is that the ART concentration that gives the highest observed pERK/pRET and pAkt/ pRET coupling ratios, and also the greatest degree of discrimination between pERK and pAkt signal amplitudes, coincides with that required for the functional response of neurite outgrowth in the same cells. This result raises the intriguing possibility that the signaling system has evolved to be at its most efficient with respect to receptor-effector coupling, and also its most discriminating with respect to the relative strength of signaling via different pathways downstream of the receptor, over the range of GF levels where biological function occurs.
It is pertinent to ask why it might be advantageous for a cell to display high receptor-effector coupling ratios at biologically relevant GF concentrations, other than a putative evolutionary drive for parsimony. A functional response presumably requires only that threshold levels of activation of key downstream effector molecules be achieved, with the role of receptor activation and other upstream signaling events being simply to bring this about. It would seem that a cell could achieve these threshold levels of effector activation either through the action of a small number of receptors working with high receptoreffector coupling efficiency or equally well through a larger number of receptors working with lower coupling efficiency, as illustrated in Fig. 7, A and B . Thus, one might imagine that any level of coupling efficiency could be adequate for function, provided that a sufficient number of receptors are present and can become activated so as to bring about the required levels of effector activation. However, unlike our in vitro cell culture assays, in which monolayers of cells are bathed in a substantial volume of culture medium, in vivo adherent cells often exist in densely packed three-dimensional structures where most of the volume is taken up by the cells themselves, and thus the volume of extracellular fluid per cell is much lower. Even in our experimental system a concentration of 0.01-0.1 nM ART represents only a roughly 1-10-fold stoichiometric excess over the number of RET molecules present. Therefore, in vivo it is likely that at these low functional concentrations ART itself is stoichiometrically limiting with respect to RET. Under such conditions, the number of pRET molecules per cell that can form will be limited by the low amount of ART available, regardless of how many receptor molecules are present, making a high receptoreffector coupling efficiency necessary to generate the levels of pERK, pAkt, and other intracellular signaling molecules required for a functional cellular response (Fig. 7C) . We therefore speculate that a high receptor-effector coupling efficiency might be important in some instances of signaling by highly potent GFs such as ART that act on cells outside of the circulatory and lymphatic systems, where the volume of extracellular fluid is limited, and therefore a functional concentration of GF represents relatively few molecules per responsive cell. In support of this notion, we found that increasing the cell density in our experiments by 5-, 10-, or 25-fold, up to the highest density we could achieve experimentally, as expected had no measura-ble effect on EC 50 (pERK) (n ϭ 4; data not shown). This result is consistent with our hypothesis, illustrated in Fig. 7 , that a high RET/ERK coupling efficiency will preserve the sensitivity of cellular responses even at high cell densities, when the volume of extracellular fluid, and thus the available number of ART molecules per cell, is limited. In contrast, a simple calculation shows that if RET were to possess much lower RET/ERK coupling efficiency, but compensated for by correspondingly higher RET expression, it would require substantially higher ART concentrations to occupy and activate sufficient RET receptors to achieve the same level of intracellular pERK. For example, one might consider cells containing a hypothetical RET that signaled with 100-fold lower RET/ERK coupling efficiency but was expressed at 100-fold higher levels to compensate for its inefficient signaling. The calculation indicates that at the cell density we estimate for a solid tissue (ϳ5-10 ϫ 10 7 cells/ml), such cells would require up to 25-fold higher concentrations of ART to achieve the same level of pERK activation seen for cells expressing normal RET at normal levels. High ART concentrations would be required to ensure that there are a sufficient number of ART molecules present, in the limited extracellular fluid space around each cell, to engage and activate enough of the inefficiently coupled RET receptors to achieve the required levels of intracellular effector activation. We cannot, of course, exclude the possibility that the high coupling efficiency we observed for RET at functional ART concentrations is merely coincidental or reflects an arbitrary property of the system that is not important for the proper response of cells to ART. However, the above argument shows that reasonable circumstances can be conceived where receptor-effector coupling efficiency could be functionally important, supporting the notion that this quantitative feature of receptor signaling is worthy of further study.
Our results also shed light on broader design principles governing how receptors and their associated signaling machinery decode an extracellular signal to trigger a functional outcome. The relationship EC 50 (receptor) Ͼ EC 50 (effector) Ͼ EC 50 (functional response) that we see for stimulation of cells with ART is not an uncommon pattern (16 -19) . Our analysis provides insight into the functional consequences of such progressive, stepwise sensitization of signaling. In this context it is important to distinguish signal sensitization, i.e. a decrease in the GF concentration required to activate successive steps in the transduction process, from the related but distinct phenomenon of signal amplification, which concerns the numbers of effector molecules involved at each step. We show here that signal sensitization between receptor and effector necessarily produces maximal receptor-effector coupling at GF concentrations below EC 50 (effector) (Figs. 3B and 8A, and "Appendix"). Thus, in situations where a high receptor-effector coupling efficiency is important for function, a sensitization of response from receptor to effector implies that the functional response will be more sensitive still, because maximum coupling efficiency occurs at a GF concentration below EC 50 (effector) (gray area in Fig. 8A ). The degree of sensitization from receptor to effector is also directly linked to the magnitude of signal amplification. This is because the ratio of activated effector to activated receptor, i.e. the receptor-effector coupling ratio, seen at a given GF concentration itself directly depends on the difference in receptor and effector EC 50 values, as described under the "Appendix," with a larger EC 50 shift from receptor to effector corresponding to a higher coupling ratio and thus greater signal amplification. Thus, as we describe more fully under the "Appendix" the phenomena of signal sensitization (spare receptors) and signal amplification are directly linked and are to some extent unified by consideration of receptor-effector coupling ratios.
In this study, we found that pERK and pAkt had fairly similar EC 50 values and thus showed maximal receptor-effector coupling efficiency over essentially the same concentration range (Fig. 8B) . We speculate that a common GF range for high receptor-effector coupling might be expected for effectors that occupy similar positions in their respective signaling cascades when they participate in a common functional outcome. However, it is possible to conceive of situations in which a receptor might activate different downstream effectors with very different EC 50 values, such that the GF concentrations giving maximal coupling efficiency are dissimilar (Fig. 8C) . Such a situation might arise if the different signaling events are associated with FIGURE 7. Schematic illustrating circumstances under which a high receptor-effector coupling efficiency might be important for function. Under conditions where the concentration of activating GF (blue circles) is not limiting with respect to receptor, a given level of activated effector (orange lozenges) can be generated either by activation of a small number of receptors that display high receptor-effector coupling (A) or, alternatively, by activating a larger number of receptors that display lower receptor-effector coupling (B). However, if the GF concentration is stoichiometrically limiting, as for example in the case of a highly potent GF that is present at its very low functional concentration in a restricted volume of extracellular fluid space (C), the number of activated receptors will be limited by the number of available GF molecules. Under these conditions, achieving the necessary level of activated effectors will require a high receptor-effector coupling efficiency, no matter how many receptor molecules are present, because the number of activated receptors at a given time is limited by the low available GF concentration. different functional responses that occur over distinct GF concentration ranges, as is known to occur for example with morphogens (74) and some growth factors (75) .
We additionally examined dynamic features of how RET engages with intracellular signaling, through analysis of activation kinetics. The observation that certain signaling events downstream of growth factor receptors show a lag before full initiation has been noted previously (36, 66, 76, 77) . However, to our knowledge, the consequences of differential lag times for how the balance in signaling among divergent pathways evolves over time has not previously been addressed. In this study we found that all four tested pathways downstream of RET displayed a lag after initial ART stimulation, but that the duration of the lag differed markedly between the different pathways. In the two instances where we measured induction kinetics for a pair of effectors in the same pathway, MEK/ERK and JNK/cJun, the lag behavior was virtually identical for the two pathway steps, suggesting that the lag in responding to increasing pRET derives from slow upstream steps to which the downstream events respond comparatively rapidly. The lag times we observed here are short compared with the hours or days typically required for cellular functional responses to develop. However, our results in Fig. 6 , B-E, shows substantial time-dependent changes in the overall balance of the RET signaling response that persists for at least an hour after ART stimulation. Moreover, even lag times of a few minutes might have functional significance for how cells respond to rapidly changing or pulsatile stimulation (27, 33) . In particular, a signaling event that has a lag time of several minutes presumably will not respond to a short pulse of stimulation. Thus, a substantial lag time might serve as a low pass filter (38) for the pathway concerned, by selectively attenuating the extent to which shortlived pulses of receptor stimulus are transduced to downstream steps. For pERK and pAkt, we show that the lag times tend to become somewhat longer at lower stimulus levels, suggesting that any dynamic effects on signal decoding that result from the above kinetic factors are likely to be even more pronounced at low, functionally relevant levels of activating GF.
Finally, our results provide a quantitative picture of key events in RET signaling upon the sustained stimulation of cells with functionally relevant concentrations of ART. At the concentration of 100 pM ART required for a full functional (effector) . The GF concentration range giving maximal (Ͼ90%) receptor-effector coupling is shaded in gray. If the system is one for which, for whatever reason, a functional response requires maximal receptor-effector coupling, then the dose-response curve for function will lie around or to the left of the black line. B, corresponds to A but plotted using the curve fits for the experimental data shown in Fig. 3 (but omitting the experimental data points, for clarity) to illustrate the behavior observed experimentally in this study for pRET (red line), pERK (blue line), pAkt (green line), and neurite outgrowth (black line). C, plots based on Equations 5 and 6 showing the expected behavior for a hypothetical receptor (EC 50 ϭ 10 nM, red line) that activates effectors in two divergent signaling pathways with very different EC 50 values (1 nM, blue line, and 0.033 nM, green line). The plot shows that pEffector/pReceptor coupling for the two effectors (dashed blue and green lines) is maximal at correspondingly different GF concentrations, such that functional responses coupled to the two signaling pathways might occur over distinct GF concentration ranges, as described under the "Appendix."
response, initial activation causes pRET levels to rise at a rate of only ϳ10 molecules/cell/min, reaching several hundred pRETs/cell over Ͼ90 min. After a brief lag, there follows the transient development of an average of 10,000 -20,000 pERK molecules per cell, and about one-third that number of pAkt, both of which peak at 5-10 min after initial stimulation. At this transient peak, each pRET molecule on the cell supports ϳ50 pAkt molecules and an average of ϳ150 pERK molecules. As described above, the pERK response at 0.1 nM ART is probably more accurately represented as relatively brief and infrequent spikes of ϳ800 pERKs per pRET interspersed with longer periods of minimal pERK, as has been described for other systems (37) . After this transient peak, pERK falls by ϳ25% and pAkt by about 50%, and these lower levels hold relatively steady while pRET continues to slowly climb over the ensuing Ն60 min. Other signaling pathways, including JNK/c-Jun and p38 MAPK, also become activated concurrently with or soon after initial activation of pERK and pAkt. Our results suggest that the signal amplitude (i.e. number of activated effectors) that RET induces in different downstream signaling pathways is significantly differentiated at this low ART concentration. Moreover, the relative amplitudes of signaling through the divergent pathways downstream of RET ebb and flow on different time scales, so that the character of the overall signaling response evolves continuously over at least the first hour after stimulation. By 90 min after stimulation, the cells on average display only a few thousand pERK or pAkt molecules representing Ͻ10% of the total amounts of each protein that is potentially available for activation. Thus, there remain large pools of unactivated ERK, Akt, and presumably also other signaling molecules, available to respond to further stimulation of RET or of other receptors that engage with these canonical signaling pathways.
In conclusion, our results provide a quantitative picture of how receptor-effector coupling efficiency relates to signaling, when measured at the level of receptor activation versus intracellular signaling events versus the ultimate cellular functional response. These findings advance our understanding of how the intracellular signaling machinery serves to decode the information contained in the concentration and timing of GF stimulation to achieve an appropriate functional outcome. 
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APPENDIX
Calculation of Receptor-Effector Coupling Ratios and Relative Amplitudes of Downstream Signaling Events
The dose-response behavior of different, experimentally measurable signaling events that result from activation of a given receptor (R), such as activation of a signaling effector (X) through its phosphorylation to form the phosphoprotein (pX), can often be empirically described in terms of a four-parameter logistic curve fit of the form shown in Equation 5 ,
where ⌬pX is the increase in the level of pX resulting from activation of the receptor; X tot is the total number or concentration of X molecules that become activated at saturating levels of receptor activation; [L] is the concentration of growth factor or other activating ligand; EC 50 is the concentration of growth factor giving half-maximal pX, and slope is a factor that reflects the steepness of the dose-response curve. Equation 5, although entirely empirical, often can be seen to describe the dose-response behavior quite precisely over the full measurable dose range, as is shown for example in Fig. 3A . Therefore, although this empirical curve fit cannot be used to extrapolate to ART concentrations lying outside the range that was measured experimentally, it can be used to establish a quantitative, if model-free, description of how phosphoprotein levels and phosphoprotein ratios vary over the measured ART range.
It is well established that experimental dose-response curves for intracellular signaling events typically display EC 50 values that are substantially lower than the EC 50 for growth factor binding to the receptor, sometimes called the "spare receptors" effect (18, 19) . In our system, both pERK and pAkt show EC 50 values that are significantly lower than that measured for pRET (see Fig. 3A ). Moreover, different downstream signaling events can possess different EC 50 values, as is seen for pERK and pAkt in Fig. 3A . In such cases, the fraction of a given signaling protein that becomes phosphorylated at any (nonsaturating) dose of growth factor will differ for the different phosphoproteins. For example, Fig. 3A shows that after stimulation of the cells for 10 min with 0.7 nM ART (i.e. approximately the EC 50 for pAkt), ϳ50% of the available Akt is phosphorylated; pERK is at ϳ70% of the maximum level, but only ϳ20% of the available RET is activated.
For dose-response curves that are well described by a logistic equation, the ratio of activated effector (pX) to phosphorylated receptor (pR) at a given time after stimulation can be calculated simply by taking the ratio of the logistic equations that describe their dose-response behavior which, rearranged into a convenient form, is as follows (Equation 6),
Equation 6 can be used to estimate how the ratio of pX to pR varies as a function of the concentration of the activating growth factor ligand (L) for pX and pR dose-response curves with given EC 50 values and slopes. Fig. 9 , A and B, shows that, in cases where the pX and pR responses differ in EC 50 but have identical slope, the ratio pX/pR will range from a low value at high L concentrations up to a maximum as [L] tends to 0. The curves in Fig. 9B were calculated from Equation 6 assuming the total concentrations of the receptor and the three hypothetical downstream signaling proteins X, Y, and Z are equal (i.e. R tot ϭ X tot ϭ Y tot ϭ Z tot ϭ 100) and the EC 50 values vary (pR ϭ 1 nM; pX ϭ 0.33 nM; pY ϭ 0.1 nM, and pZ ϭ 0.033 nM). All curves have slope ϭ 1.0. Under this simplifying assumption, the maximum value of the effector/receptor ratio at growth factor concentrations approaching zero is equal to the reciprocal of the ratio of the EC 50 values for the two phosphoproteins, raised to the power of the slope. So, for example, in Fig. 9B the maximum value of the ratio pY/pR is given by EC 50 (pR)/EC 50 (pY) ϭ 1 nM/0.1 nM ϭ 10, raised to the power of 1 ϭ 10. In the more general case in which the total concentrations of the various proteins differ, the maximum value of the effector-receptor ratio observed as [L] tends to zero will be given by Equation 7 , which includes X tot /R tot as an additional factor, Conversely, as ligand concentration tends to saturating levels, the effector/receptor ratio will approach an asymptote that simply equals X tot /R tot , as can be seen from Equation 6 if [L] tends to infinity. In real systems, dose-response curves for receptor and effector can differ not only in EC 50 value but also in slope, as we observe for the RET system in Fig. 3A , where the slopes observed for the ERK and Akt dose responses are somewhat steeper that seen for RET activation itself. However, a difference in slopes does not affect the key property that the effector/ receptor ratio increases as [L] decreases down to EC 50 (effector) (Fig. 9C) . For data that conform to a logistic curve fit down to very low GF concentrations, the effect of even a modest increase in slope between receptor and effector dose responses is to cause the effector/receptor ratio to pass through a maximum at a GF concentration just below EC 50 (effector) (Fig. 9C) . However, it must be stressed that the experimental results we obtained for the RET system are not sufficiently accurate at very low ART concentrations to establish whether the effector/receptor ratio does or does not pass through a maximum at [ART] Ͻ100 pM, and it is not valid to use the empirical logistic curve fits to extrapolate beyond the ART concentration range that was measured experimentally.
Overall, the above analysis indicates the following: when EC 50 (effector) Ͻ EC 50 (receptor) then (i) the effector/receptor ratio will increase to a maximum as the concentration of stimulating growth factor decreases, and (ii) the larger the EC 50 difference between receptor and effector, the greater the effector/receptor ratio at any given subsaturating ligand concentration. Importantly, these two conclusions are independent of the precise mathematic equation used to fit the data, as they reside in the data themselves. We chose a logistic curve fit as the basis for our analysis because it is commonly used to fit experimental dose-response data, and thus is familiar to experimental workers in the field, and because it can easily be manipulated, as in Equation 6 , to provide a quantitative empirical description of the observed behavior. It is important to note, however, that an empirical treatment of this kind cannot be used predict phos- phoprotein levels or receptor-effector coupling ratios at GF concentrations below the levels that were measured experimentally. In the case of the RET system, we were able to experimentally measure the concentrations of both activated effector (pERK or pAkt) and activated receptor (pRET) with reasonable accuracy at ART concentrations down to 0.1 nM, and so were able to experimentally verify that this assumption holds quite well down to the low ART concentrations required for biological response in these cells.
Application to Evaluate Relative Effector Levels in Divergent Signaling Pathways-The relative amplitudes of different signaling events in divergent signaling pathways downstream of a common receptor can be treated exactly as described above for effector/receptor ratios, provided that each of the effector dose responses can be well described using a logistic equation. Thus, as we saw above when comparing effector and receptor levels, if the EC 50 values for two effector phosphoproteins, pX and pY, are different, the relative amplitudes of the two events, i.e. the ratio pX/pY, will necessarily vary as a function of GF concentration, showing the greatest differences at low stimulus levels. For example, Fig. 6A showed that the ratio of pERK to pAkt was higher at low ART than at higher levels of stimulation, and this trend could be quantitatively modeled using Equation 6 but using as variables pX, pY in place of pX, pR. The actual value of the pX/pY ratio will depend on both the EC 50 values of the two effector responses and the relative total abundance of the two effector proteins available for activation by the receptor, as described in Equation 6 . Thus, the level of discrimination in the amplitude of signaling though different downstream pathways will be greatest at growth factor levels below the EC 50 value for the more sensitive of the two effector responses, unless offset by comparably large and opposite differences in the total effector protein levels (see Equation 7 ).
